Cite this article: deVries MS. 2017 The role of feeding morphology and competition in governing the diet breadth of sympatric stomatopod crustaceans. Biol. Lett Competition for food drives divergence and specialization in feeding morphology. Stomatopod crustaceans have two kinds of highly specialized feeding appendages: either elongate spear-like appendages (spearers) used to ambush soft-bodied evasive prey or hammer-like appendages (smashers) that produce extremely high forces used both to break hard-shelled prey and to capture evasive prey. To evaluate associations between appendage type and feeding ecology, the diet of two small smasher and spearer species (size range: 21 -27 mm) that co-occur were compared. Stable isotope analysis and the Bayesian mixing model MixSIAR were used to estimate the proportional contributions of prey types to the diet. Both species had relatively wide diets that included hard-shelled and soft-bodied prey, albeit in different proportions; the smasher consumed a greater proportion of hard-shelled prey, and the spearer consumed mostly soft-bodied prey. Appendage kinematics in stomatopods is known to scale linearly across species. These two small species may produce similar kinematics allowing them both to capture evasive prey and hammer hard-shelled prey, thereby widening their diets. Yet, the spearer species is more highly adept at capturing evasive prey, indicating that small spearers are stronger competitors for soft-bodied prey. These findings suggest that a smasher's ability to access hard prey reduced competition for soft prey, and therefore conferred an important benefit favouring the evolution of the impressive smashing strike.
Introduction
Obtaining energy from the environment is necessary for all organisms. Success in foraging drives the evolution of the morphology that many heterotrophs use for feeding. Competition for prey can favour the evolution of specialized feeding morphology that opens access to types of prey for which there are few competitors. This scenario often leads to a specialized diet of those prey [1, 2] .
Mantis shrimp, or stomatopods, (Crustacea: Stomatopoda) are often touted as having highly specialized feeding morphology [3] . Smashing stomatopods, hereafter 'smashers', have stout raptorial appendages that move with speeds of 14 -23 m s 21 and accelerations that generate extremely high forces [4] (figure 1). The ability to produce high-impact strikes has been hypothesized to correspond to a specialized diet of hard-shelled molluscs and crustaceans [3, 5, 6] . However, one Caribbean smasher is known to be a generalist predator that consumes both hard-shelled and soft-bodied prey, primarily fish [5, 7] . By contrast, 'spearer' stomatopods strike with slower speeds (2 -7 m s 21 ) but with elongate appendages that can reach longer distances to ambush soft-bodied, evasive prey, such as fish and small crustaceans [3, 8] (figure 1). Their diets consist primarily of these soft prey but some spearers have been observed consuming crustaceans and bivalve molluscs [3, 9] .
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Competition for prey is thought to contribute to the evolution of these morphologically distinct forms; smashing appendages were derived from spearing and gave smashers access to hard-shelled prey [3, 7] , while spearers became highly adept at capturing evasive prey [3] . These hypotheses have never been rigorously tested. To begin to determine current associations between morphology and diet, I compared the diets of the smasher, Gonodactylus childi (Gonodactylidea; [10] ), and an unnamed species of spearer, Raoulserenea n.sp. (Pseudosquillidae; [11] ) (figure 1). These small species are of similar size. They occupy the same coral rubble habitat and therefore are exposed to the same prey. I hypothesized that the diets of these two sympatric species would differ substantially, thereby reducing possible competition between them. Specifically, the spearer would have a narrow diet consisting of mostly soft-bodied prey, while the smasher would have a wide diet that included mostly hard-shelled prey but also some soft-bodied prey.
Methods
Stable isotope ratios of carbon (d 13 Bayesian stable isotope mixing models in the program Mix-SIAR v. 3.1.6 [15] were used to estimate the proportion of different prey in the diet for each stomatopod species (reviewed in [16] ). Experimentally determined trophic discrimination factors (D, the difference between the predator and prey stable isotope ratios) for stomatopods, hereafter denoted as 'experimental DFs', were used in the mixing models (
To verify the use of the experimental DFs, these results were compared with those generated from models using mean literature values calculated by [18] (D 15 N ¼ 2.75 + 0.1‰, D
13
C ¼0.75 + 0.1‰), hereafter referred to as 'conventional DFs'. To reduce the number of prey in the model, alpheid shrimp and worms were combined a priori, as were snails and crabs, because their stable isotope values did not differ and the stomatopods handled them similarly [7] .
Prey were combined a posteriori into categories of hardshelled and soft-bodied prey. To quantify diet specialization for each species, a specialization index, 1 (equation (5) in [19] ), was calculated from the estimates of dietary proportions. This index provides a measure of diet specialization that is comparable between species and can range from 0 (ultra-generalist) to 1 (ultra-specialist) [19] . Results are presented as medians (95% credible interval, CI). All analyses were conducted in R v. 3.3.0 [20] . See the electronic supplementary material for additional details of all methods. 
Results
Diet proportion estimates from the mixing model run with experimental DFs indicated that the majority of the smasher diet was clams (59%), whereas the spearer consumed mostly fish (53%) (table 2 and figure 2). Results calculated with conventional DFs were similar (figure 2c) but estimated proportions did not consistently favour one prey type; the majority of the smasher diet was clams and hermit crabs (24% and 34%, respectively), and fish composed a slightly greater proportion of the spearer diet (31%) (table 2; electronic supplementary material, figure S1 ). However, both models struggled to differentiate between clams and plankton (electronic supplementary material, table S1 and figures S2, S3), suggesting that plankton may have been underestimated in the model results in both species. When aggregated a posteriori into hard-shelled and soft-bodied prey categories, models run with both DFs consistently indicated that the smasher diet was composed largely of hard-shelled prey (68-70%), while the spearer diet was primarily soft-bodied prey (62-73%) (table 2; 
Discussion
Given that the smasher, G. childi, and the spearer, Raoulserenea n.sp., occupy the same habitat and have overlapping diets, it is reasonable to assume that they compete for the same food resources. Although the smasher consumed a greater proportion of hard-shelled prey, while the spearer consumed mostly soft-bodied prey, both species included all prey types in their diets, and neither species was highly specialized according to the specialization index estimates. This result was robust to the DF used in the analyses.
How do these species include a range of prey in their diets? Raptorial appendage strikes of smashers are incredibly fast and forceful, allowing smashers to capture and consume a wide diversity of prey [7] . Some spearers are known to both ambush evasive prey with their elongate appendages and actively forage for sedentary hard-shelled prey [9, 21] . Additionally, force generation scales linearly across species, and medium-sized smashers (33-82 mm) produce similar forces compared with a slightly larger spearer (87 -108 mm), Squilla empusa [22] , whose diet consists of crustaceans, molluscs and hydroids [9] . Thus, at the low extreme of their size ranges (10-20 mm), spearers and smashers may generate similar forces allowing them both to break hard-shelled prey. Another possibility is that small, hard-shelled prey items are more weakly calcified [23] , making them more vulnerable to both spearing and smashing strikes. Finally, both of these species are in the same superfamily, Gonodactyloidea [11] , and thus phylogenetic effects on feeding kinematics and behaviour may also contribute to diet overlap. Testing these hypotheses would require determining the strike kinematics and feeding behaviours used to capture and consume these particular prey, along with measuring the abundances of stomatopods and these prey.
In comparison with the spearer, the high proportion of hard-shelled prey in the diet of G. childi suggests that this smasher is a weaker competitor for soft-bodied prey, even though the raptorial appendages of smashers produce faster, more powerful strikes [8] . Interestingly, G. childi's diet is also narrower than that of the Caribbean smasher, Neogonodactylus bredini [7] , whose diet consists primarily of fish and who does not co-occur with many spearers. It is therefore possible that N. bredini would be similarly limited to a diet of mostly hard-shelled prey in the presence of high abundances of spearers. Investigating how indirect competition for softbodied prey shapes G. childi's diet and that of other smashers with wide diets, like N. bredini, would lend novel insights into how selection for the ability to consume hard prey may be an evolutionary driver of morphological divergence between fast spearers and powerful smashers.
Regardless, both species consume a diversity of available prey even though they have highly specialized feeding morphologies for consuming either hard or soft prey. This result counters long-standing hypotheses that specialized morphology corresponds to a specialist diet [2] . The diets of these small species are likely a result of both consistent competition for prey and morphological specializations that Table 2 . Bayesian mixing model median estimates (95% CI) of the proportional contributions of each prey type to the 'smasher' and 'spearer' diets. Results are given for models run with two DFs: 'experimental DF' and 'conventional DF'. Prey are also aggregated a posteriori into two categories: soft-bodied and hardshelled prey (italics). rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170055 widened diet breadth, allowing them to consume otherwise inaccessible prey. These findings begin to reveal that competition for prey in stomatopods yields specialized morphology that broadens, as opposed to narrows, diet breadth, and emphasizes the dynamic influence of scaling, behaviour, and competition on the evolution of feeding morphology.
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